Abstract Prenatal alcohol exposure can impact both brain development and neurobehavioral function, including verbal learning and recall, although the relation between verbal recall and brain structure in this population has not been examined fully. We aimed to determine the structural neural correlates of verbal learning and recall in youth with histories of heavy prenatal alcohol exposure using a region of interest (ROI) approach. As part of an ongoing multisite project, subjects (age 10-16 years) with prenatal alcohol exposure (AE, n = 81) and controls (CON, n = 81) were tested using the CVLT-C and measures of cortical volume, surface area, and thickness as well as hippocampal volume were derived from MRI. Group differences in brain and memory indices were tested with ANOVA. Multiple regression analyses tested whether brain ROIs significantly predicted memory performance. The AE group had lower scores than the CON group on all CVLT-C variables (ps ≤ .001) and volume and surface area (ps < .025), although results varied by ROI. No group differences in cortical thickness were found. The relations between cortical structure and memory performance differed between group among some ROIs, particularly those in the frontal cortex, generally with smaller surface area and/or thinner cortex predicting better performance in CON but worse performance in AE. Cortical surface area appears to be the Electronic supplementary material The online version of this article
Introduction
Prenatal alcohol exposure can lead to aberrant development, impacting physical features, growth, and organ systems. The range of detrimental outcomes caused by prenatal alcohol exposure is referred to as fetal alcohol spectrum disorders (FASD). Importantly, prenatal alcohol exposure can have particularly harmful effects on the brain . A number of brain structural differences have been observed following such exposure. In general, those with FASD have smaller whole brain volumes compared to controls (reviewed in Lebel et al. 2011; Moore et al. 2014) . Furthermore, the impact of prenatal alcohol exposure on the brain translates into functional impairment, as individuals with FASD often display wide-ranging neurobehavioral deficits .
A number of studies report verbal learning and recall deficits in children with prenatal alcohol exposure (for review, see Manji et al. 2009 ), though there is evidence for a dosedependent response for certain aspects of memory (Lewis et al. 2015) . On word learning tasks, children with FASD not only learn fewer words (Mattson et al. 1998; Lewis et al. 2015; Mattson and Roebuck 2002; Willoughby et al. 2008) but also learn them at a slower rate (Mattson and Roebuck 2002) compared to controls. In addition, alcohol-exposed children recall fewer words than control children after both short and long delays. However, once initial learning is accounted for, children with FASD often retain as many words as their peers Mattson and Roebuck 2002; Lewis et al. 2015) . However, it is interesting to note that in a sample of children with moderate prenatal alcohol exposure, the effects of alcohol exposure remained significant after controlling for differences in initial learning (Lewis et al. 2015) . On recognition testing, children with prenatal alcohol exposure are less accurate in discriminating between words to which they were exposed during the learning trials and novel words from the same semantic categories ) although this impairment has not been examined in relation to initial learning. Importantly, these verbal deficits do not appear to be solely the result of general reductions in intellectual functioning .
Verbal learning and memory requires input from a number of brain regions that are affected in children with FASD. For example, individuals with prenatal alcohol exposure have smaller volumes (Chen et al. 2012; Coles et al. 2011; Rajaprakash et al. 2014 ) and surface areas (Rajaprakash et al. 2014) in the frontal cortex compared to controls, although research on cortical thickness has produced mixed results (Fernandez-Jaen et al. 2011; Rajaprakash et al. 2014; Robertson et al. 2016; Yang et al. 2012; Zhou et al. 2011) . As cortical thickness and surface area have distinct developmental trajectories in typically developing populations (Giedd et al. 2015; Lenroot and Giedd 2008) , and at least some aspects of neurodevelopment appear to be altered in subjects with prenatal alcohol exposure (Gautam et al. 2015; Lebel et al. 2012) , some of these discrepancies may be result of variance being masked or enhanced due to the age range of the sample (e.g. 8-16 years vs. 6-30 years). The frontal cortex is involved in memory storage as well as memory retrieval in both healthy subjects and clinical populations (Biesbroek et al. 2015; Gluck et al. 2007; Wilde et al. 2011 ). In typically developing controls, thinner cortex and smaller volume of the frontal lobe is associated with better verbal recall performance (Østby et al. 2011; Sowell et al. 2001; Tamnes et al. 2013 ). However, the opposite pattern has been seen in children with FASD: thinner frontal cortex is associated with poorer verbal memory ability (Sowell et al. 2008) .
Similarly, researchers have reported smaller overall volume of the temporal lobe (Rajaprakash et al. 2014) , as well as smaller volume of inferior temporal gyrus (Chen et al. 2012) and parahippocampal gyrus (Coles et al. 2011 ) in young adults with FASD. Furthermore, thinner cortex in the temporal lobe has been associated with better memory performance in typically developing children and young adults (Østby et al. 2011; Sowell et al. 2001) . However, in contrast to typically developing children, research on children with prenatal alcohol exposure has not found significant relationships between memory ability and either temporal lobe volume or cortical thickness (Fryer et al. 2012; Sowell et al. 2008) .
Animal studies have found that the hippocampus is a brain region that is highly sensitive to prenatal alcohol exposure (Gil-Mohapel et al. 2010) . However, magnetic resonance imaging studies have been inconsistent regarding structural changes in this region among those with FASD. Many studies have found hippocampal volume is lower compared to controls Nardelli et al. 2011; Treit et al. 2013) , though not always when overall brain volume is controlled (Archibald et al. 2001; Treit et al. 2013) . However, other researchers have not found consistent evidence of volume differences (Autti-Rämö et al. 2002; Coles et al. 2011; Joseph et al. 2014) . Given that a wide body of work has demonstrated that the hippocampus plays an important role in memory acquisition and consolidation (reviewed in Gluck et al. 2007 ), the impact of prenatal alcohol exposure may be more evident in the relation between hippocampal volume and verbal memory performance. In typical young adults, smaller hippocampi are related to better memory performance (Van Petten 2004) . However, in one study of adults with prenatal alcohol exposure and dysmorphic features, greater volume of the right hippocampus was associated with more efficient encoding and better recall of verbal information (Coles et al. 2011) . In children with FASD, hippocampal volume also has a positive, though modest, relationship with verbal recall scores (Willoughby et al. 2008) .
Despite the amount of research examining the structural neural correlates of memory, studies have not yet examined the specific relationships between different brain morphometrics and verbal learning/recall in those with FASD. We sought to expand on previous studies examining the structural neural correlates of verbal memory in children and adolescents with heavy prenatal alcohol exposure by using a large multisite sample as part of the Collaborative Initiative on Fetal Alcohol Spectrum Disorders (CIFASD), multivariate statistical techniques, and examining multiple neuroanatomical morphometrics. The following hypotheses were tested: (1) subjects with FASD will have significantly lower learning, recall, and recognition scores on the CVLT-C than controls, though based on previous work we expected that retention scores (i.e., recall after a short delay, accounting for initial learning) would be comparable between groups; (2) subjects in the alcoholexposed group will show lower volume in cortical regions of interest (ROI) and that these differences would primarily be driven by effects on surface area rather than thickness (as seen in Migliorini et al. 2015) ; (3) subjects with prenatal alcohol exposure will have disproportionally smaller hippocampal volumes than controls; (4) the relationships between memory performance and brain morphometry will be different between subjects with FASD and controls. Specifically we expect that better performance will be associated with smaller volume, surface area, and thickness in controls; however, we predict the opposite pattern will be observed in alcohol-exposed youth (as seen in Glass et al. 2017 ).
Material and methods

General method
Data were collected as part of the Collaborative Initiative on Fetal Alcohol Spectrum Disorders Phase III (CIFASD-III), a multisite research project examining the effects of heavy prenatal alcohol exposure on children and adolescents. CIFASD sites included: the Center for Behavioral Teratology at San Diego State University, The University of Minnesota FASD Program, Emory University, and the Children's Hospital at the University of Southern California. General CIFASD methodology has been described previously (Mattson et al. 2010) . In brief, as part of a larger protocol, each subject completed a comprehensive neuropsychological battery and underwent magnetic resonance imaging (MRI). Written consent was obtained from the caregiver of each subject and assent was obtained from each child. Subjects were financially compensated for their participation. The Institutional Review Boards at each site approved the procedures.
Subjects
Subjects were 10-16 years of age and comprised two groups: individuals with histories of heavy prenatal alcohol exposure (AE) and controls with minimal or no alcohol exposure (CON). As part of the ongoing CIFASD-III project, subjects were recruited through multiple methods, including community outreach, advertising, professional referral, and word of mouth. Subjects were included in the AE group if they had confirmed histories of heavy prenatal alcohol exposure. Positive alcohol exposure histories were confirmed retrospectively through medical records, birth records, social services records, or maternal report. When maternal report was available, heavy prenatal alcohol exposure was defined as an average of >13 drinks per week or >4 alcoholic drinks per occasion at least once per week. However, for the majority of cases (67.9%), direct maternal report was unavailable. In these cases, subjects were considered heavily exposed when collateral documentation indicated alcohol dependence or abuse during pregnancy. Additionally, children were included in the AE group if alcohol exposure was suspected and the child met criteria for a diagnosis of fetal alcohol syndrome (FAS). A member of the CIFASD dysmorphology core examined all subjects for physical features consistent with an FAS diagnosis (Jones et al. 2006; Mattson et al. 2010) .
Subjects were included in the CON group if they had minimal or no prenatal alcohol exposure. When direct maternal report was available (90.12% of cases), minimal exposure was defined as no more than 1 drink per week on average and never more than 2 drinks per occasion. A dysmorphology exam indicating physical features consistent with FAS was exclusionary for the control group, even when alcohol use during pregnancy was denied. Exclusion criteria for both groups included: MRI contraindication, non-fluency in English, history of significant head injury or loss of consciousness >30 min, international adoptions occurring after age 5, or significant psychiatric or physical disabilities that prevented study completion.
Subjects with MRI data and neuropsychological testing collected within the same three-month period were included in the analyses. Based on the above criteria, the final sample consisted of 162 subjects: 81 AE subjects and 81 CON subjects.
Measures
California Verbal Learning Test-Children's Version (CVLT-C) Children were administered the CVLT-C as part of a larger neuropsychological battery. The CVLT-C is a measure designed to assess verbal learning and recall in children aged 5 to 16 (Delis et al. 1994) . The dependent variables were Total Learning on List A (Total Learning-A), Short Delay Free Recall, Long Delay Free Recall, Retention, and Recognition Discriminability scores (see Table 1 for detailed descriptions).
MRI data acquisition and analysis High resolution, T1-weighted MRI scans were collected. Scanning parameters are presented in Table 2 . Imaging protocols were designed to be as consistent as possible across sites, though a scanner software upgrade in San Diego resulted in parameter changes partway through the project. The scanner protocols were based on those developed by the Pediatric Imaging, Neurocognition, and Genetics (PING) project (http:// pingstudy.ucsd.edu/resources/neuroimaging-cores.html), which were designed in order to minimize between-site differences. As a further precaution, site was evaluated as a potential covariate for all statistical analyses, and included in analyses when covariate inclusion criteria were met, in order to account for any location or scanner-based differences. Data were analyzed using FreeSurfer version 5.1 (http://surfer.nmr. mgh.harvard.edu/). T1-weighted anatomical scans were analyzed using the standard FreeSurfer processing stream, which includes surface-based registration and anatomical parcellation, the details of which have been described in previous publications (Dale et al. 1999; Fischl et al. 2001; Fischl et al. 2002; Fischl et al. 2004 ). Manual edits were made when necessary, and subjects with poor quality scan data (e.g., due to motion artifact) were excluded from analyses (n = 5, all AE subjects). Volume, surface area, and cortical thickness values for each cortical ROI (see Table 3 ) and subcortical volumes for the hippocampus were extracted for analysis. These ROIs were chosen based on previous literature that indicated they were related with aspects of verbal memory.
Statistical analyses
All analyses were conducted using SPSS v.22. Univariate outliers were assessed using box plots. Univariate outliers were determined separately for each group and sex. Subjects with values greater than 1.5 × the interquartile range (IQR) on an observed variable were removed from the corresponding analyses. Outliers were eliminated on a measure-by-measure basis in order to conserve statistical power. Although neuronataomical outliers were assessed individually, most subjects who were outliers in one lobe were also outliers in others. Very few subjects had outliers in a single lobe or hemisphere. Multivariate outliers were assessed using Mahalanobis distance and removed if the Mahalanobis distance χ 2 values were significant (p < .001). The sample sizes for each analysis after removing the corresponding outliers are displayed in Table 4 .
Subject characteristics Subject sex, race, ethnicity, testing site, and handedness were analyzed using Pearson's chi square tests. Age and General Conceptual Ability scores (GCA) were evaluated using analysis of variance (ANOVA).
Evaluation of covariates Demographic variables (age, sex, race, ethnicity, and handedness) and scan site were evaluated as potential covariates. GCA was not considered as a potential covariate because covarying scores by cognitive functioning can provide either over-or underestimates of abilities (Dennis et al. 2009 ). For inclusion as a covariate, the variable had to be linearly related to the dependent variable(s) and had to not significantly interact with group. All covariates that met these criteria were included in the subsequent analyses.
As microcephaly is common in individuals with FASD, intracranial volume (ICV) is often used as a covariate to (Im et al. 2008) . Initial analyses were run without using ICV as a covariate, and these results were interpreted as evidence of group differences in neuroanatomy. However, we acknowledge the importance of identifying whether group differences persisted after accounting for variance attributed to ICV. Therefore, significant results were rerun with inclusion of ICV as a covariate, and these results are also reported.
Neuropsychological data Group differences on CVLT-C measures were assessed using multivariate analysis of covariance (MANCOVA). The within-subjects factors were CVLT-C scores (Total Learning-A, Short Delay Free Recall, Long Delay Free Recall, and Recognition Discriminability), and the between-subjects factor was Group (AE, CON). Sex was considered as a between subjects factor, but as there were no significant interactions or main effects, it was removed for parsimony. A significant main effect of group was followed up using ANCOVAs for each individual CVLT-C variable. The Retention variable was not included in the MANOVA because it was highly correlated with Long Delay Free Recall scaled score, which was unsurprising given that the Retention score is the Long Delay Free Recall raw score adjusted with the raw score from learning trial A5. Instead, Retention was analyzed separately with an ANCOVA, similar to previous studies Mattson and Roebuck 2002) . The dependent variable was the Long Delay Free Recall raw score. The between-subjects factor was Group, with the raw score from learning trial A5 as well as covariates that met inclusion criteria. This technique adjusts for any group differences in initial learning that may account for the differences observed in verbal memory (Mattson and Roebuck 2002) . CVLT-C analyses were corrected for multiple comparisons using the HolmBonferroni method, adjusting for the five CVLT-C variables used (α altered = .01 = .05/5; Holm 1979).
Neuroimaging data Twelve separate MANCOVAs were run for the cortical ROIs: 2 hemispheres (right, left) × 3 morphometrics (surface area, thickness, volume) × 2 cortical ROIs (frontal, temporal). The dependent variables for the frontal and temporal ROI MANCOVAs are shown in Table 3 . An additional MANCOVA was run to examine the hippocampus, with right and left volumes as the dependent variables. For all analyses, between subjects variables were Group and Sex. Significant effects were followed up using ANCOVAs for each dependent variable. Significant MANCOVAs were also rerun adding ICV as a covariate. Results were corrected for multiple family-wise comparisons using the Holm-Bonferroni method, adjusting for analyses conducted in the bilateral frontal and temporal areas (α altered = .025 = .05/4; Holm 1979). Neural correlates of memory The relationships between CVLT-C scores and brain structures were assessed using separate multiple regression analyses. Individual CVLT-C variables were used as the dependent variables with Group, covariates that met inclusion criteria, and brain regions as predictors. Group by ROI interactions were also evaluated. Sex and its corresponding interactions with Group and ROI were included as predictors, however nonsignificant interactions were removed from the model for parsimony and sex was only retained as a covariate if statistically appropriate. Results were corrected for multiple family-wise comparisons using the Holm-Bonferroni method (adjusting for the number of subregions analyzed within each ROI (For frontal, α altered = .007 = .05/7; for temporal, α altered = .008 = .05/6; for hippocampus, α altered = .025 = .05/2; Holm 1979).
Results
Demographics
Demographic data for the AE and CON groups are presented in Table 5 . Analyses comparing AE vs. CON across the entire sample indicated that there were no differences between the groups in the distribution of sex, handedness, ethnicity, race, or site (ps ≥ .269). However, the groups did significantly differ on age (p = .022, AE < CON) and GCA (p < .001, AE < CON). 
Analysis of covariates
With the exception of handedness, all potential covariates were significantly correlated with at least one dependent variable. The homogeneity of regression assumption was evaluated separately for each multivariate test.
Covariates that met criteria for inclusion and number of subjects for each statistical test (after removing outliers as described above) are listed in Table 4 .
CVLT-C
A MANCOVA was conducted to assess memory performance on the CVLT-C, where Group was the between subjects variable, Age was a covariate, and Total Learning-A, Short Delay Free Recall, Long Delay Free Recall, and Recognition Discriminability were the dependent variables. There was a significant main effect of Group on the CVLT-C latent variable [F (4, 143) = 11.146, p < .001, η 2 = .238]. The AE group had significantly lower scores than the CON group on all of the CVLT-C observed variables (ps < .001). Unadjusted group means for each observed variable are presented in Table 6 . Age was only significantly correlated with one observed CVLT-C variable (Recognition Discriminability), the analysis was rerun without covariates-there were no changes in results [F (5, 144) = 9.390, p < .001, η 2 = .207; AE < CON on all CVLT-C variables p < .001].
An ANCOVA was conducted to assess the relationship between Group and Retention. Group membership predicted Long Delay Free Recall (raw score) after covarying for scores from Learning Trial A5 (raw) and Age. The omnibus test was significant [F(3, 145) = 67.474, p < .001, η 2 = .583]. The main effect of Group was also significant [F(1, 145) = 22.274, p < .001, η 2 = .133]. Controlling for Age and learning on trial A5, subjects in the AE group retained significantly less information than the CON group (see Table 6 ). This finding differs from that in the literature, which has typically shown no differences between AE and CON on retention of learned information. It is possible that our large sample allowed us sufficient power to detect a statistically significant effect that has little practical or clinical significance. Therefore, we used a cutoff of 1.5 SD below the control mean as a threshold of clinical significance, and evaluated the proportion of children within each group who demonstrated clinically poor performance using a Pearson's chi square analysis. By this standard, 49.4% of AE children had retention scores at least 1.5 SD below the control mean, which is significantly more than in the CON group (4.9%, χ 2 = 39.782, p < .001).
Group differences on neuroanatomical variables
There were no differences in volume or thickness in frontal cortical ROIs and no differences in thickness for temporal cortical ROIs. However, the right frontal surface area was significantly smaller in the AE group compared to the CON group [F(7, 137) 178] were significantly smaller in the AE group compared to the CON group. The bilateral surface area was disproportionately smaller in subjects with AE (ps < .009), but differences in volume were no longer significant after controlling for ICV (ps > .08). To probe the statistically significant multivariate effects, univariate ANCOVAs were conducted on each individual ROI. Results from these ANOVAs are depicted in Fig. 1a . Additionally, the AE group had significantly smaller hippocampal volume compared to the CON group [F(2, 152) = 8.693 p < .001 η 2 = .103] in both the left (p < .001) and right hippocampi (p < .001). After controlling for ICV hippocampal differences did not meet our corrected significance threshold (p = .03).
Neural correlates of CVLT-C
Total learning Total Learning on list A (Total Learning-A) was not significantly correlated with any demographic variables (ps ≥ .080); therefore, no covariates were included in the regression models. There were no significant interactions between sex and any other predictors and no main effect of sex, therefore it was removed from the model for parsimony. Relations between Total Learning-A scores and brain structures are shown in Fig. 2 Fig. 1 Group differences in volume, thickness, and surface area for regions of interest. a Group differences in cortical regions of interest. L, Left; R, Right; AE, Alcohol-Exposed; CON, Control. * denotes significant group difference in volume, # denotes significant group difference in surface area. In all cases, AE < CON. There were no significant group differences in thickness. b Group differences in hippocampal volume. * denotes significant group differences significant (p = .056). Sex met criteria for a covariate and was included in the models. Relations between Short Delay Free Recall scores and brain structures are shown in Fig. 3 and detailed results are available in Supplemental Table 2 . Group interacted with the volume and surface area of the left pars opercularis to predict Short Delay Free Recall. In general, smaller size of the left pars opercularis predicted better scores in the CON group whereas the opposite was observed in the AE group. In addition, surface area of the right entorhinal cortex also predicted Short Delay Free Recall scores. On average across Group and controlling for Sex, as the surface area of the right entorhinal cortex increases, Short Delay Free Recall scores also increase.
Long delay free recall Long Delay Free Recall was not significantly correlated with any demographic variables (ps ≥ .239), although its correlation with Sex was marginally significant (p = .052). Sex met criteria for a covariate and was included in the models. Long Delay Free Recall scores were not significantly predicted by any brain regions.
Recognition discriminability Recognition Discriminability was significantly correlated with Age (p < .001), which was included as a covariate in the regression models. Sex was included as a between subjects factor. Relations between Recognition Discriminability scores and brain structures are shown in Fig. 4 and detailed results are presented in Supplemental Table 4 respectively. CVLT-C performance is presented in T-Scores. AE Alcohol-Exposed, CON Control Discriminability after accounting for the variance associated with Group, Sex, and Age. In addition, the surface areas of the bilateral rostral anterior cingulate and the right caudal anterior cingulate each significantly interacted with Group and Sex to predict Recognition Discriminability performance. For males in the AE group, larger surface areas of the right and left anterior cingulate cortices predicted poorer performance, while the opposite pattern was seen in females in the AE group. No significant relationships were observed in the CON group. A similar trend was observed between the sexes in the AE group with surface areas of the right caudal anterior cingulate.
Retention Retention was significantly correlated with age and sex (ps ≤ .027), and because both met criteria for inclusion as covariates, both variables were added to the models. Relations between Retention scores and brain structures are shown in Fig. 5 and detailed results are displayed in Supplemental Table 5 . Group and thickness of the left pars triangularis interacted to predict Retention scores. For subjects in the CON group, thinner cortex was related to better performance, while the opposite pattern is seen in the AE group. In addition, the surface area of the right entorhinal cortex predicted Retention: regardless of Group membership and after accounting for variance associated Sex and Age, larger surface area was associated with better performance.
Posthoc analyses
Our analyses focused on the neural correlates of verbal memory in youth with histories of heavy prenatal alcohol exposure, 4000 5000 6000 7000 8000 9000 Brain Imaging and Behavior (2018) 12:806-822 including subjects with and without facial dysmorphology. However, the neuroanatomical effects of prenatal alcohol exposure may be more evident in children with dysmorphic features. These children are more likely to display microcephaly and may have more widespread neural anomalies. Thus, the few children with FAS (n = 9) who were included in our study may have had a disproportionately large impact on our results. To address this consideration, we reanalyzed our data with the children who met criteria for FAS excluded. The exclusion of these nine children had minimal impact on our results; in fact, only six results were altered. The MANCOVAs examining group differences in the left and right temporal ROI volumes became marginally significant (ps = .052 and .019, respectively). In addition, for the regression analyses examining the relationship between the cortical structure and CVLT-C Long Delay Free Recall score, the right pars opercularis surface area × group interaction became marginally significant (p = .011); whereas, the right entorhinal thickness × group interaction achieved significance (p = .008). For the regression analyses examining the relationship between cortical structure and CVLT-C Recognition Discriminability score, the left hippocampal volume main effect became marginally significant (p = .02); whereas, the right rostral middle frontal surface area × sex interaction achieved significance (p = .01). , respectively. CVLT-C performance is presented in Z-Scores. AE Alcohol-Exposed, CON Control
Discussion
Compared to typically developing controls, youth with heavy prenatal alcohol exposure displayed lower verbal memory scores and smaller volume and/or surface area of brain regions important for verbal memory, including right frontal ROIs, bilateral temporal ROIs, and bilateral hippocampi. Furthermore, alcohol-exposed youth displayed relationships between brain structure and performance on the CVLT-C that differed from those seen in controls.
As predicted, subjects in the alcohol-exposed group performed significantly worse on the CVLT-C compared to controls. However, it should be noted that while the scores of AE children in the current study were significantly different from controls, the means were still within the normal range for the CVLT-C. Consistent with previous literature, youth with FASD learned fewer words, recalled fewer words after both long and short delays, and were less accurate discriminating between novel and previously presented words Mattson et al. 1998; Mattson and Roebuck 2002; Willoughby et al. 2008) . Alcohol-exposed subjects retained significantly less information after controlling for initial learning, which deviates from some past findings Mattson and Roebuck 2002) , although it is consistent with findings from another large sample of moderatelyexposed adolescent children (age range 13-16y; Lewis et al. 2015) as well as a recent study using an overlapping sample from CIFASD-III showing intact retention on the CVLT-C in younger (5-7y) but not older (10-16y) children with heavy exposure (Panczakiewicz et al. 2016) . It is possible that while younger children with FASD are performing at the same level of their peers on this measure, older children and adolescents with FASD fall short of the expected age-level performance. An alternate explanation suggested by Lewis et al. (2015) is that better encoding seen in their more moderately exposed sample may have made it possible to detect impairments in retention not seen in previous studies. In the current study, significant group differences were seen in both learning and retention, though overall performance was higher than previously reported. Future studies should consider the relation between encoding and retention in this population.
We did not identify group differences in volume or thickness of frontal ROIs, however we did observe smaller surface areas in the right frontal region. In the temporal ROIs we found smaller bilateral volume and surface area in the AE group, but again no differences in thickness. To our knowledge, only two other studies have examined surface area in this population, and both have reported smaller surface area in AE (Migliorini et al. 2015; Rajaprakash et al. 2014) . Several studies have examined cortical thickness in this population but findings have varied widely, reporting greater thickness (Fernandez-Jaen et al. 2011; Sowell et al. 2008; Yang et al. 2012) , thinning (Zhou et al. 2011) , or no significant differences compared to controls (Rajaprakash et al. 2014) . Further investigation into these thickness discrepancies is warranted, but two methodological factors-how thickness is measured and in-scanner motion-likely account for some of the variability in reports (Walhovd et al. 2016) . Although the FreeSurfer software itself has acceptable test-retest reliability (Iscan et al. 2015; Maclaren et al. 2014) , different image analysis software packages use different techniques to measure cortical thickness, and therefore may yield different results. Additionally, analysis of multisite measurement reliability indicates that thickness measurements, while reliable, appear more affected by multisite variance than either surface area or volume (Iscan et al. 2015) . In-scanner motion, an issue that can be more common in the AE population and in younger children, produces poorer delineations of cortical performance is presented in adjusted raw scores. AE Alcohol-Exposed, CON Control landmarks, which may also adversely affect thickness measurements. Finally, our findings suggest that cortical thickness may be less affected by prenatal alcohol exposure than volume or surface area, a factor that may also contribute to between study variability. Previous studies examining brain structure in alcoholexposed individuals have often used volume as the metric, and a number have reported group differences in the volume of the frontal (Coles et al. 2011; Rajaprakash et al. 2014; Sowell et al. 2002) or temporal (Chen et al. 2012; Coles et al. 2011; Sowell et al. 2002) regions. While we did not observe differences in frontal ROI volume, we did identify smaller volumes of temporal ROIs. Several methodological differences between our study and previous work may account for these discrepancies. First, our multisite study had a relatively large sample in comparison to many previous studies, which increased our power to detect differences but also reduced the likelihood of detecting spurious findings. Furthermore, only 11% of our sample of alcohol-exposed children met criteria for an FAS diagnosis, and exclusion of these subjects did not substantially alter our results. Microcephaly is included as part of the diagnostic criteria of FAS, therefore studies with a larger proportion of those with FAS may identify greater and more widespread volume differences across ROIs. For example, Coles et al. (2011) had a high proportion of subjects with facial dysmorphology (45% of alcohol-exposed subjects). Subjects with FAS had significantly smaller frontal lobes as compared to both controls and nondysmorphic alcohol-exposed subjects (Coles et al. 2011) . Of note, in that study the controls and nondysmorphic alcohol-exposed subjects did not differ from each other in any of the examined ROIs.
Similar to previous studies, we found that subjects with prenatal alcohol exposure had significantly smaller bilateral hippocampal volume compared to controls (Astley et al. 2009; Coles et al. 2011; Nardelli et al. 2011; Roussotte et al. 2012; Treit et al. 2013 ) that were not disproportionate to total brain volume after correcting for multiple comparisons (Archibald et al. 2001; Astley et al. 2009; Treit et al. 2013 ). However, these findings are inconsistent with work that found disproportionately low volume of left hippocampus, but no differences in the right hippocampus (Willoughby et al. 2008) . Additional large studies are required to determine if these results are reliable, and not an artifact of low power or statistical technique.
The bilateral pars opercularis, the left rostral anterior cingulate cortex, the bilateral rostral and caudal anterior cingulate cortex, and the left pars triangularis were differentially related to verbal memory performance. Traditionally, the pars opercularis and the pars triangularis, which comprise Broca's area, are associated with language learning (Gluck et al. 2007) . Functional imaging studies have found that, compared to IQ-matched controls, alcohol-exposed subjects have increased blood-oxygen-level-dependent (BOLD) activation in the right inferior frontal gyrus (which includes the pars opercularis and the pars triangularis) during verbal learning and recall (Sowell et al. 2007) . Consistent with previous reports (Østby et al. 2011; Sowell et al. 2001; Tamnes et al. 2013) , typically developing children in the current study demonstrated a negative relationship between size of specific ROIs and verbal memory ability. In contrast, we found that the alcohol-exposed group displayed a significant positive relationship between the volume of the right pars opercularis and total learning. The volume and surface area of the left pars opercularis were also significantly and positively related to short delay free recall in the alcohol-exposed group. Additionally, we observed a significant positive relationship between retention and the thickness of the left pars triangularis in the AE group. To date, researchers have not examined the relationship between the morphometry of the frontal cortex and verbal memory in subjects with FASD. These results support the hypothesis that the relationship between neuroanatomy and verbal memory is distinct in subjects with prenatal alcohol exposure as compared to typically developing controls.
Interestingly, the relationship between verbal memory and the rostral and caudal anterior cingulate is moderated by sex, but only in the alcohol-exposed group. While previous groups have found activation in the anterior cingulate in response to verbal memory tasks (Sowell et al. 2007 ), neither the relationship between morphometry and verbal memory nor the effect of sex have been investigated in this population. However, there is evidence that the anterior cingulate is a crucial structure for verbal memory in other pediatric clinical groups (Wilde et al. 2011) . Few studies have examined the effects of sex on either neuropsychological tasks or brain development in children with FASD, an area of research that warrants replication and further investigation to determine if sex plays a significant role.
The right entorhinal cortex was significantly related to verbal memory performance. Significant functional BOLD activation of the lateral temporal lobe occurs in response to verbal working memory and verbal learning and recall tasks in both alcohol-exposed subjects and controls (O'Hare et al. 2009; Sowell et al. 2007 ), but medial temporal regions were activated in only typically developing subjects (Sowell et al. 2007 ). In both typically developing and alcohol-exposed subjects, verbal memory was positively associated with the surface area of the right entorhinal cortex. Not only do these findings contradict the hypothesis that the neural correlates in AE subjects are different from typically developing controls, these results also deviate from previous reports. Earlier studies did not find a relationship between temporal lobe and memory in either controls (Sowell et al. 2001) or children with FASD (Fryer et al. 2012 ). This difference is likely due to how cortical regions of interest were defined. In both studies, temporal lobe morphometrics were assessed as a whole, not divided into subregions. In addition, because previous studies only examined volume and thickness, the relationship between the right entorhinal surface area may have been confounded by the effect of cortical thickness.
We found that hippocampal volume was only a significant predictor of one memory variable: Recognition Discriminability, which is consistent with a large body of work indicating the role of the hippocampus in recognition and discriminability in both animal models and humans (Brown et al. 2010 ). Similar to our finding, work in other clinical populations has noted that the size of the hippocampus was related to ability to discriminate words (Biesbroek et al. 2015) . However, previous work in both typically developing subjects (Van Petten 2004) and subjects with FASD (Coles et al. 2011; Willoughby et al. 2008 ) have found that hippocampal volume was related to verbal memory more broadly. This relationship is corroborated by functional neuroimaging studies report activation of the hippocampi in response to verbal learning and recall tasks in children with prenatal alcohol exposure and controls (Sowell et al. 2007 ). In studies of subjects with FASD, methodological differences may account for some of these discrepancies. For example, one study used an adu l t sa m ple, had a high ra te of subjec ts with dysmophorphology, and used a different measure of verbal learning (Coles et al. 2011 ). While Willoughby et al. (2008) examined children and used the CVLT-C, different variables were analyzed, and many of these relationships were only marginally significant.
Limitations
We used a region of interest approach to evaluate the neural correlates of verbal memory in FASD. The regions that were included were chosen based on previous findings in clinical and typically developing populations. Important relationships may not have been identified because we did not employ a whole-brain exploratory approach. This is certainly possible given that children with alcohol-exposure do appear to have at least some distinct relationships between brain structure and verbal memory as compared to typically developing controls. For example, in the alcohol-exposed group, significant relationships between verbal memory and the frontal cortex primarily occurred in the right hemisphere. Generally, language function, including verbal memory, is left hemisphere lateralized (Gluck et al. 2007 ). Handedness did not appear to account for this effect, as there were a comparable amount of left-handed subjects in the two groups. Atypical lateralization has been reported in other clinical populations, such as children with a specific type of epilepsy (benign epilepsy with centrotemporal spikes; Monjauze et al. 2011 ) and children born very preterm (Scheinost et al. 2015) .
Conclusions
When examining group differences in the cerebral cortex, each morphometric yielded distinct results. For example, significant group differences were detected in the cortical surface area of the right frontal ROIs, but not in cortical volume or thickness. Many prior studies evaluating brain structure in FASD have only evaluated volume, which is a composite of thickness and surface area. Surface area and thickness each have distinct developmental trajectories, environmental, and biological influences (Giedd et al. 2015; Lenroot and Giedd 2008; Panizzon et al. 2009 ). By only assessing cortical volume, important effects occurring at surface area or thickness levels could potentially be missed, particularly if one metric is different while the other is not (as was the case in this study) or if opposite effects are occurring in each metric. Others have noted that that surface area appears to be a sensitive metric for cortical maturation in children (Houston et al. 2014 ) and studies of adult brain size have noted that variation in surface area primarily drives differences seen in cortical grey matter volumes (Pakkenberg and Gundersen 1997; Im et al. 2008 ). MRI can not examine cellular structure to provide more in depth explanation for the biological differences that may account for our observation that surface area appears to be a more sensitive indicator of prenatal alcohol exposure in children than does thickness. However, prenatal alcohol exposure has consequences for a number of cellular processes important for cortical development, including proliferation, differentiation, migration, synaptic/dendritic formation, apoptosis and necrosis (Goodlett and Horn 2001) . Furthermore, this early alcohol exposure can have protracted effects, altering the typical course of neurodevelopment through childhood, adolescence, and into adulthood (Moore and Riley 2015; Abbott et al. 2016) .
In addition to altered brain structure, we found that alcoholexposed children displayed distinct relationships between structure and verbal memory performance as compared to typically developing children. Disrupted neurodevelopment may have yielded compensatory brain structure-function relationships in alcohol-exposed children, which could account for these effects-in other words; children with histories of prenatal alcohol exposure may require larger neural substrates to overcome neural damage, while controls are able to use smaller substrates more efficiently. Studies using animal models of FASD found altered neuroplasticity as a result of prenatal alcohol exposure, which has had negative effects on performance on learning and memory tasks (Medina 2011) . On the other hand, it is possible that, although children with FASD have the same underlying brain-behavior relationship as controls, it appears different due to an altered developmental timeframe, such as a developmental lag or arrest in the alcohol-exposed group. Several MRI studies have noted different trajectories of brain development in FASD (e.g. Gautam et al. 2015; Lebel et al. 2012 ) and some neurobehavioral studies have noted that deficits are more pronounced in adolescents than in children (Crocker et al. 2009; Gross et al. manuscript in preparation) . The alcohol-exposed children displayed a number of relationships between verbal memory and brain structure that were not only distinct from controls, but were in the opposite direction. At this point the neurobiological basis for this finding is unclear. Additional research is required, perhaps using longitudinal samples, to determine whether atypical relationships or an altered developmental trajectory may account for these results.
Although many studies have examined the neuroanatomy of children with prenatal alcohol exposure, the neural developmental trajectory in this population is not well characterized. In addition, while verbal memory deficits compared to controls have consistently been reported in subjects with FASD, the underlying neural substrates have not been thoroughly investigated. The current study sought to assess the development of specific brain regions in children with FASD and determine how this development relates to verbal learning and memory functioning. A better understanding of brain development and neural correlates in children with FASD may help researchers and clinicians make better predictions about how these relationships will progress over time.
